Among the potential candidates for replacement of SiO 2 or SiO x N y as gate dielectric 1 hafnium oxide (HfO 2 ) seems to be one of the most promising materials, [2] [3] [4] [5] combining high dielectric permittivity with low leakage current due to a reasonably high barrier height that limits electron tunneling. 6 Other requirements 7, 8 on gate dielectric materials like low density of interface states, gate compatibility, structural, physical, and chemical stability at both gate electrode/ dielectric and dielectric/Si interfaces are currently making the object of intensive investigation as semiconductor manufacturers are anticipating sub-0.1 m channel length devices using high-k dielectrics, most probably hafnium oxides and/or silicates.
Previous studies 1 in other high-k ultrathin films on Si indicated that the interface layer thickness and composition can vary according to the deposition method and routine, and various species can be transported during post deposition thermal processing, like oxygen, 9, 10 Si, [11] [12] [13] and the metal species, 14, 15 altering the atomic concentrations as well as chemical composition of the system and consequently electrical characteristics like dielectric constant, interface density of states, and mobility of charge carriers in the transistor channel. In particular, stability against annealing in O 2 -containing atmospheres is of high interest, since in further processing steps it is either performed intentionally to improve leakage current and CET characteristics 1, 7, 8 or unintentionally, because oxygen is almost always residual in any production furnace.
We report here on atomic composition and transport and on chemical reaction studies during annealing in oxygen of 5.0 nm ͑ellipsometric determination͒ polycrystalline HfO 2 films deposited on Si͑001͒ substrates which were thermally oxynitrided in NO prior to metal oxide deposition. The starting structure was prepared by following sequence: HF cleaning of silicon wafers, followed by annealing in NO, and followed by metalorganic chemical vapor deposition ͑MOCVD͒ of HfO 2 at 550°C using Hf-t-butoxide. The wafers were then submitted to postdeposition rapid thermal annealing ͑RTA͒ in Ar:N 2 at 1000°C for 10 s ͑Ar annealing͒, in order to simulate a typical dopant-annealing step. Finally, the wafers were submitted to RTA in O 2 at 800°C for 10 or 60 s ͑O 2 annealing͒, simulating any of the several usual thermal processing steps, including those intentionally performed in O 2 . This last annealing step was also alternatively performed in 7ϫ10 3 Pa of O 2 97%-enriched in the 18 O isotope ͑
18
O 2 annealing͒, allowing to distinguish between oxygen incorporated from the gas phase and that previously existing in the as-prepared films. Furthermore, these 18 O 2 annealings were performed with and without Ar preannealing, aiming at investigating the effects of the two thermal steps separately. The areal densities and concentration versus depth distributions of the different atomic species were determined by Rutherford backscattering of He ϩ ions in a channeling geometry with grazing angle detection of the scattered ions ͓channeled Rutherford backscattering spectroscopy-͑RBS͔͒, 16 by nuclear reaction analysis ͑NRA͒, 16 and by narrow nuclear resonant reaction profiling ͑NRP͒ 16 of O and Si. Chemical composition and reaction were accessed by x-ray photoelectron spectroscopy using a Mg K␣ x-ray source and an emission angle between the sample normal and the axis of the electron energy analyzer of 25°. Table I . O 2 annealing for 60 s ͑sample 3 in Table  I͒ produces an increase on the O-areal density of about 30% with respect to the as-prepared sample ͑sample 1͒ and a comparable percentage decrease on the N-areal density. Figure  1͑b͒ shows Si, 16 O, and 18 annealing only for 10 and 60 s͒ are deeper and higher. When compared to similar studies performed previously [9] [10] [11] [12] [13] in aluminum, zirconium, and gadolinium oxides and silicates, the present HfO 2 /SiO x N y structure displays higher resistance to oxygen migration from the gas into the solid phase and incorporation therein, as well as smaller isotopic exchanges. 29 Si profiles were determined by NRP 16 ͑results not shown here͒, revealing that Si remains immobile during annealing, in contrast to several of the earlier mentioned materials where substrate Si is seen to migrate into the oxide film. O profiles in the inset: asprepared sample ͑open squares, ϫ30͒, Ar annealing at 1000°C for 10 s followed by 18 O 2 annealing at 800°C for 10 s ͑solid dots, solid curve͒ and 60 s ͑solid triangles, dash-dot curve͒, and 18 O 2 annealing only at 800°C for 10 s ͑open dots, dash curve͒ and 60 s ͑open triangles, dot curve͒. Table I͒ . Consequently, an increase in the Si-Si/Si-O ratio is observed. On the other hand, a subsequent 60 s O 2 annealing increases substantially the oxygen content, as well as it leads oxygen from the gas phase to reach the interface, oxidizing substrate Si and thus compensating the increase of the Si-Si component from the substrate due to thinning by a comparable increase of the Si-O component. Figure 4 shows typical Hf-signal regions in RBS spectra from samples whose oxide and oxynitride layers were tentatively removed by means of concentrated HF etching. 14, 15 Indeed, the absence of O signal in the inset indicates that, within the sensitivity of RBS, the removal process was effective. Thus, unless for a possible incomplete etching of the oxide and oxynitride layers, thermally activated Hf migration into Si seems to occur, consistent with previous observation in Zr and Hf silicate films on Si.
14,15 A Hf profile could be inferred in the Ar-annealed sample by tilting in a special geometry, 13 which gives a depth resolution of approximately 2 nm. These RBS analyses indicate that Hf would penetrate into Si to areal densities of the order of 10 12 cm Ϫ2 and a maximum range of approximately 4 nm.
In summary, the present characterizations indicate that this structure is essentially stable against Ar preannealing at 1000°C and O 2 annealing at 800°C. For the annealing temperatures and times of the present work, the HfO 2 /SiO x N y structure showed to be more resistant to O and Si migration and incorporation than others studied previously, with the Ar preannealed samples exhibiting a higher resistance than those directly annealed in O 2 . We attribute this stability to a synergism between the properties of HfO 2 films on Si and the reaction-diffusion barrier constituted by both the SiO x N y interlayer and N eventually incorporated into the HfO 2 films. 
